A novel test methodology is established to evaluate the strain relief boot on optoelectronic components and optical fiber components by measuring the fiber bend radius in side pull test. The technique is developed for qualifying the boot design rather than for lot testing. The criterion and process are provided.
Introduction
In a fiber optic component, the root of the fiber pigtail is vulnerable to stress during handling. Generally, rubber strain relief boots of various designs are employed to provide somewhat protection to the fiber roots. Even though, high fall out of fiber breaks at the fiber roots has been reported during optical module manufacturing processes. These fiber breaks are the results of momentary and accidental side pull events, and especially happened on optoelectronic devices and/or sub-assemblies which are currently not required to meet a minimum side pull test requirement in relevant standards [1] . For optical fiber jumpers and passive components, on the other hand, minimum side pull requirements are suggested by industrial standards [2, 3] . In this concern, the fiber boot functions as a bend limiter rather than a strain-reliever. Up to date, there is no applicable industry specification for optoelectronic components that either it lacks of side pull test requirement [1] , or the measured metrics (insertion loss and back reflection) are inadequate to distinguish fiber failure for most optoelectronic devices [3] .
Based upon the reliability analysis for a bent fiber, this paper proposed a novel method to evaluate the strain relief boot. Instead of a direct requirement on the strength of side pull, this method develops a criterion on fiber bend radius in side pull test that requires the minimum bend radius must be greater than 4 mm when 500-g side pull is applied. This requirement ensures the probability of fiber failure less than 1 ppm. A procedure is developed to measure the fiber bend radius in side pull test. Several samples including fiber jumpers, laser and receiver modules are evaluated with the new method.
Theory
The mechanical reliability models of optical fiber has been extensively studied over the years to predict the expected lifetime or failure probability under a given applied stress condition. By using the power law crack growth model [4, 5] and safe-stress assumption associated with the fiber-strength distribution measurement, it was shown that a 3-mm radius bend of 1/2 turn (that is 180 • around a 6-mm diameter mandrel) maintained for 1 minute has a probability of failure of less than 0.5 ppm for typical 100-kpsi proof-test fiber [6] .
From the beam theory, the maximum bending stress of the optical fiber is occurred on the surface with an expression of
where E s is the Young's modulus of silica, r the fiber radius, and R the bending radius, respectively. Because silica exhibits nonlinear behavior in elastic region of stress-strain curve, E s is expressed as [7] 
where the second term in the right is the modulus correction term for the nonlinear effect and ε is the fiber strain. E 0 is the Young's modulus of silica at zero strain and assumed to be 10200 kpsi (=70 Gpa). Therefore, Eq. (1) that the bending stress applied to the silica fiber can be rewritten as
In a pure bending condition, ε is only a bending strain and equal to r/R, then Eq. (3) can be rewritten as
From Eq. (4), the bending stress on the fiber of 3-mm bend radius can be derived to be about 223 kpsi. This stress, when maintained for 1 minute, corresponds to the less-than-0.5-ppm failure probability as described above. However, for a side pull event that the fiber is pulled at an angle of 90 • relative to its original axis, the surface of the bent portion of the fiber does not only experience the bending stress but also the tensile stress due to the pull load. This mechanism is exactly the same as the case that the strength of a rope is considered to be reduced when the rope passes over a curved surface such as a stationary sheave [8] . Therefore, the fiber strain ε in Eq. (3) for a side pull condition is equal to the summation of r/R and σ t /E 0 , where r/R is the bending strain and σ t /E 0 the tensile strain contributed by the tensile stress σ t caused by the pull load. In this case, the expression in Eq. (4) is no longer valid for the side pull event and should be rewritten as
Note that σ t /E 0 is used for the tensile strain instead of σ t /E s for simplicity.
Because it is of interest to find the minimum bend radius for a given applied stress, the bend radius R can be derived from Eq. (5) as
Considering a 500-g side pull test, the applied tensile stress on the fiber is 57.8 kpsi. As discussed above, the total applied stress (bending + tension) has to be less than 223 kpsi in order to ensure the probability of failure less than 0.5 ppm in 1 minute; the bending induced stress, therefore, should be less than 223 − 57.8 = 165.2 kpsi, which is corresponding to a bend radius of about 4 mm according to Eq. (6). In other words, if we subject a boot to a 500-g side pull test, and the bend radius is 4 mm or greater, then the probability of failure will not be greater than about 0.5 ppm. Similarly, the allowable minimum bend radii for 0.5-ppm failure probability under 1000-g, 750-g, and 250-g side pull loads are 6.2 mm, 4.9 mm, and 3.4 mm, respectively. The relation between the allowable minimum bend radius and the applied side load is illustrated in Fig. 1 as the circled-line. The central band by subtracting 0.5 mm in bend radius for tolerance is based on the values calculated per Eq. (6) and represents the combination of bend radius and side pull load corresponding to a probability of failure roughly equal to 1 ppm for side pull events totaling less than 1 minute. For any given side pull load, the safe bend radius is any value greater than the allowable minimum. Fig. 1 . Fiber bend radius vs. side pull load. The circledline represents the combination of bend radius and side pull load corresponding to a probability of failure equal to 0.5 ppm for side pull events within 1 minute. The central band by subtracting 0.5 mm in bend radius for tolerance corresponds to a probability of failure about 1 ppm.
Experiment
The procedure and algorithm are developed to measure the fiber bend radius in side pull test. The device under test (DUT) is fixed on the sample carrier of a pull test stand. The carrier is turned to horizontal position, and the fiber is pulled by loading weight along vertical direction, to perform the 90 • side-pull. A scale ruler is set behind the bending portion of the fiber. A photo of the DUT is taken with a digital camera. To avoid the effect of shadow or shape distortion, the bending portion of the fiber is placed at the center of the picture. The bending portion of the fiber is analyzed on the picture using graphical design software such as AutoCAD or Microsoft Visio. The picture is enlarged as necessary. The graphical scale is calibrated to the physical scale, which is read from the ruler in the photo. At first, the origin point of the fiber stretching out from the metal sleeve at the root of the pigtail is determined on the picture. In most cases, the origin point is positioned at the center of the end of the sleeve. The origin can be found by physically measuring the component with the boot removed, or by graphically measuring a photo of the boot-removed DUT. The fiber inside the sleeve is considered along the straight line. Secondly, the position and slope of the fiber at the end of the boot are determined directly from the picture. Based upon the fiber positions and slopes at the origin and the boot end, the path of the fiber covered by the boot can be calculated numerically.
An alternative simpler method to get the fiber path is to place manually sampling marks along estimated path, to read the coordinates of the sampling marks by using the measuring tool of the graphical software, and then to make a curve fit of the sampling points to find the function describing the fiber path. Fig. 2 (a) gives an example of the fiber path of a sample of PIN 
The coordinates of all points are displaced to let the origin at (0,0). From this polynomial curve fit function, the bend radius R along the path can be calculated as shown in Fig. 2 (b) , which illustrates the bend radius along the fiber path shown in Fig. 2 (a) . The minimum bend radius is then found as 5.25 mm. With this simpler method, the estimation of the fiber path suffers human factors, and brings a variation in resulted minimum bend radius within ±15% in our experiments.
Using this method, several samples are tested under loading weights of 200 g, 650 g, and 1150 g, respectively. Test results for six samples are shown in Fig. 3 together with the bend radius criterion. From the exemplary results, Fig. 3 . Test results of minimum fiber bend radius.
we can see that the fiber bend radius of the fiber jumper sample, which is qualified to the side pull requirement of Telcordia standard [1] , is well above 4 mm under 500-g side pull; however, most DFB laser module samples and PIN receiver samples are disqualified, except sample PIN1 and DFB3 close to the criterion.
Conclusion
In conclusion, based upon the reliability analysis of a bent fiber, we proposed and demonstrated a novel method to evaluate the strain relief boot on optical components. This method examines the minimum bend radius of the fiber under side pull test, and requires that the minimum bend radius is greater than 4 mm when 500-g side pull is applied. This requirement ensures the probability of fiber failure less than 1 ppm. The procedure and algorithm are developed to measure the fiber bend radius in side pull test. Several samples including fiber jumpers, laser and receiver modules are evaluated with the new method. It is indicated by the demonstration that the current strain relief boots on most active components are not sufficient to protect the fiber from accidental side pull events during optical module manufacturing.
